ABSTRACT Powders that adhere to insect cuticle can be used as carrier particles for synthetic insecticides, entomopathogens, or pheromones in insect control systems, and insects can be lured into contact with such powder mixtures by using attractants. Secondary transfer of adhesive powders to conspeciÞcs during social interactions has been reported; however, this transfer relies on insects leaving the source of powder and continuing normal behavior when contaminated. We examined the ability of the Mediterranean fruit ßy, Ceratitis capitata Wiedemann (Diptera: Tephritidae), to ßy and mate after being contaminated with one of two adhesive powders: an electrostatic wax powder, Entostat, and a proprietary metallic powder, Entomag. During continuous observations for 1 h in a ßight tunnel, male C. capitata made signiÞcantly more ßights than females. Treating C. capitata with either powder signiÞcantly suppressed the ßight activity of male C. capitata compared with untreated controls, whereas powder treatment had a negligible effect on female ßight activity. Within 1 h, male C. capitata treated with Entomag recovered normal ßight activity, but Entostat-treated males were not fully recovered. Virgin male C. capitata treated with either Entostat or Entomag were able to mate with virgin female C. capitata, but the onset of mating was delayed compared with control C. capitata by Ϸ1 h. Even though the effect of powder uptake on behavior seemed to be temporary, scanning electron micrograph images of treated C. capitata showed that both powders were retained for Ͼ24 h on most body parts. The adhesive powders showed potential for use as carrier particles for pesticides, entomopathogens, or pheromones in novel C. capitata control systems.
Concern about adverse effects of pesticides on the environment and of residues in food products has increased the need for improved delivery systems to reduce the quantities of pesticides used and to target their application more effectively (Matthews and Thomas 2000) . Recent advances include microencapsulation (i.e., within granules, Þlms, and polymers) to provide slow-release formulations and to increase their longevity and resistance to abiotic factors (Mogul et al. 1996 , Levy et al. 1997 , Scher 1999 , Downer et al. 2003 . Advances in electrostatic technology have improved the delivery of pesticides to targets, mainly through electrostatic charging of sprays (for review, see Law 2001) . The electrostatic attraction of spray droplets to plant surfaces increases foliar coverage and lowers doses of pesticides required to achieve effective control of insect pests (Herzog et al. 1983, Law and Scherm 2005) . Apart from improving the distribution of spray applications to plant surfaces, electrostatic charging of sprays can enhance insecticide uptake by insects as their cuticles carry a small electrostatic charge that is built up during walking and ßight activity (Berry 1973 , McGonigle and Jackson 2002 , McGonigle et al. 2002 . This phenomenon has already been exploited to aid insecticide delivery through electrostatic charging of domestic insecticide sprays (Whitmore et al. 2001 , Hughes et al. 2002 , Gaunt et al. 2003 . Fine electrostatically charged powders can adhere to the insect cuticle and act as carrier particles for low doses of synthetic insecticides, entomopathogens, or pheromones (Howse and Underwood 2000) .
One aspect of adhesive powder research is to develop lure-and-kill technologies (Lanier 1990) in which a dispenser contains an attractant and an adhesive powder formulated with an appropriate slowacting insecticide. Lure-and-kill techniques ensure a more targeted method of controlling pests, require lower doses of active ingredient than conventional broadcast spray applications and can be used against a variety of pests, including: Lepidoptera (Brockerhoff and Suckling 1999 , Nansen and Phillips 2004 , Curkovic and Brunner 2005 , Blattodea (Gore and Schal 2004) , Hymenoptera (Klotz et al. 2004) , acarides (Norval et al. 1991 , Sonenshine 2004 , and Diptera (Chapman et al. 1998 , Hu et al. 1998 , Speranza et al. 2004 , Vargas et al. 2005 . Because the adhesive pow-der is carried on the exterior of the cuticle, one advantage of combining the powder with a slow-acting insecticide in lure and kill is the potential for secondary transfer of active ingredients to conspeciÞcs during social interactions. To be effective, this transfer would rely on the insects taking up signiÞcant quantities of formulated powder from a dispenser, ßying away with the powder attached to their body and passing a threshold amount of powder, enough to carry a lethal dose, to conspeciÞcs during behavioral interactions.
Mediterranean fruit ßy, Ceratitis capitata Wiedemann (Diptera: Tephritidae) is one of the worldÕs most destructive pests of fruit (Papadopoulos et al. 2003) , because of its worldwide distribution, toleration of low temperatures, and ability to infest a wide range of host fruit (Christenson and Foote 1960 , Weems 1981 , Liquido et al. 1991 . A recent study by Barton et al. (2006) shows that C. capitata can take up as much as 500 g of powder and that Ϸ5% powder was retained by ßies up to 48 h after treatment. It is currently not known to what extent uptake of adhesive powder by C. capitata would interfere with their ßight and mating behavior, nor is it known for how long any possible effects would last. If it takes too long for C. capitata to recover normal ßight and social behavior, active ingredients formulated with the powder may kill the C. capitata before interactions with uncontaminated individuals can occur, which would reduce the level of secondary transfer of adhesive powder formulation to uncontaminated conspeciÞcs.
In this study, we examined the behavioral effects of treating C. capitata with adhesive powders intended for use in powder-based lure-and-kill systems. We conducted laboratory experiments to investigate to what extent electrostatic and metallic adhesive powders affected the ßight and mating behavior of this important insect pest. We used scanning electron microscopy (SEM) to examine C. capitata treated with adhesive powders to demonstrate where the powders adhere on the cuticle. Our speciÞc aims were to quantify the initial powder uptake by C. capitata, determine how long any behavioral effects of adhesive powders last, whether the two powders affect behavior differently, and whether there is a difference in the effect of the powders on male and female ßight behavior.
Materials and Methods
C. capitata Culture. Flies were supplied by Tracey Chapman, University College London, London, United Kingdom, in 2005 that were originally sourced from a mass rearing factory strain at the Moscamed factory in Guatemala, established there in 1984 (Rendon 1996 . C. capitata were cultured at 25 Ϯ 3ЊC, 65 Ϯ 5% RH, and a photoperiod of 16:8 (L:D) h. Adults were kept in Perspex cages (33 by 20 by 22 cm) (www. PetsDirect.com) and fed on a 75% sugar and 25% yeast paste. Water was provided in a pot with a sponge wick. Eggs were collected through a mesh window and larvae were reared on a carrot-based diet (Vera et al. 2002) . In experiments 1 and 2, 8 Ð12-d-old C. capitata of unknown mating status were used, whereas in experiment 3, we used 4 Ð7-d-old virgin C. capitata. Virgin C. capitata were obtained by storing 7-d-old pupae in a cage with a water pot containing a sponge wick. C. capitata that emerged overnight were sexed, and males and females were transferred to separate Perspex cages with food and water until needed for experiments. For all experiments, individual C. capitata were only used once, and abiotic conditions were kept the same as rearing conditions. Adhesive Powders. Two adhesive powders were investigated: an electrostatic wax powder, Entostat (Exosect Ltd., Winchester, United Kingdom), which is reÞned carnauba wax produced by the fronds of the Brazilian wax palm, Copernica cerifera Martius (Palmae); and a proprietary metallic powder, Entomag (Exosect Ltd.). C. capitata were treated with dyed (experiment 1) or undyed (experiments 2 and 3) Entostat or Entomag in Perspex boxes (14 by 14 by 7 cm) with a 2-cm-diameter hole in the lid by using a 100-ml plastic puffer bottle (D5952N, Dormex Containers Ltd, Sutton Weaver, United Kingdom) containing the adhesive powder. The box containing C. capitata was inverted, the puffer was Þtted with a 24-mm cap (C24W, Dormex Containers Ltd, Sutton Weaver, United Kingdom), inserted into the hole and powder was applied with Þve puffs into the box. From preliminary analyses, we found that the puffer bottles dispensed 21.90 mg Ϯ 1.23 (SE) (n ϭ 10) of Entomag and 22.16 mg Ϯ 1.87 (n ϭ 10) of Entostat with Þve puffs, and there was no signiÞcant difference in the amounts of Entostat and Entomag applied with this technique (t 18 ϭ 0.12, P ϭ 0.909). Control C. capitata were puffed Þve times with an empty puffer bottle.
Experiment 1: Quantifying Powder Uptake. The amount of Entostat and Entomag taken up by C. capitata during the puffer technique described above was quantiÞed using a ßuorometric assay. A ßuorescent dye, Glo-Brite AW Powder (Himar, Bradford, United Kingdom), was mixed with either Entostat or Entomag [10% (wt:wt)]. Throughout this article, "dyed powder" refers to Entostat or Entomag mixed with GloBrite. The dye was scanned using a ßuorometer (PerkinElmer luminescence spectrometer LS5OB) to determine its optimum excitation and emission wavelengths (385 and 450 nm, respectively). A blank ßu-orometric cuvette containing 95% ethanol was scanned and set as a background reading. This value was automatically subtracted from the readings of all subsequent samples measured. Two calibration graphs, one for each powder, were constructed by testing the ßuorescent emission from four concentrations (four samples each) of dyed powders in 95% ethanol. For each treatment combination (male or female and Entostat or Entomag), four batches of 20 C. capitata were puffed with dyed powder using the puffer technique described above. From each batch, four individuals were selected and transferred to individual Eppendorf tubes containing 1 ml of 95% ethanol. Each tube was mixed on a vortex for 30 s, and samples were diluted to bring the ßuorescence reading within the range of the ßuorometer.
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Experiment 2: Effect of Powders on Flight Behavior. Groups of 20 C. capitata of either sex were used in each trial, as preliminary trials had suggested that this was the maximum number of C. capitata that could be observed simultaneously for counting number of ßights. Flight observations were made within a standard ßight tunnel (150 by 60 by 60 cm) (see Nansen et al. 2006 for details). In each trial, anemotactic ßight behavior was stimulated by placing a yellow Exosect dispenser (foldable plastic [15 by 12 by 8 cm] with a convex roof) in the upwind section, 20 cm from the steel mesh and suspended 30 cm above the ßoor. Inside the dispenser a pot (4.5 cm in diameter and 3 cm in height) containing 1.5 g of rearing diet was placed in the center as a lure. C. capitata were treated using the puffer technique described above and immediately released in the downwind section, 20 cm from the steel mesh. The number of ßights, including the number that resulted in landing on the dispenser, was recorded continuously during the entire observation period of 1 h and subsequently calculated as numbers of ßights in 5-min intervals. Batches of C. capitata were only observed for 1 h, because preliminary studies indicated that the effect of the powders on ßight diminished rapidly after this time period. Each treatment was replicated four times for each sex, and each trial was started between 3.5 and 7.5 h after the onset of photophase.
Experiment 3: Effect of Powders on Mating Behavior. Observations of mating behavior were made in plastic boxes (20 by 20 by 13 cm) (Asda, Chandlers Ford, United Kingdom) with a 9-cm-diameter hole cut in the lid and a 7-by 4-cm hole cut in the side. A ßexible polythene tube was attached to the hole in the lid to give access to the box and a piece of gauze was stretched over the hole in the side for ventilation. Fifteen boxes were prepared, each containing water and rearing diet. Thirty virgin females were transferred to each box, and 30 untreated virgin males were transferred to Þve boxes as controls. Five groups of 30 virgin males were treated with either Entostat or Entomag by using the puffer technique described above. After powder treatments, each group of 30 males was immediately transferred to a separate box containing virgin females. The cages were observed for 260 min, starting from 6 h before the onset of scotophase. This is a longer time period than was used in the experiment 2 because of the lag in the onset of mating behavior in all treatments. After each 10-min period, proportions of C. capitata mating in each cage were recorded.
Data Analysis. In experiment 1, the amounts of powder on C. capitata after puffer applications were log 10 (n ϩ 1) transformed, and the means of powder extracted from four ßies per batch were calculated (four batches for each treatment). Subsequently, twoway analysis of variance (ANOVA) in PROC MIXED in PC-SAS 9.0 (SAS Institute, Cary, NC) was used to examine the effects of dyed powder and sex of C. capitata on powder uptake.
Before analysis, data from experiment 2 were log 10 (n ϩ 1) transformed to normalize variances and the PROC UNIVARIATE procedure in PC-SAS 9.0 (SAS Institute) was used to conÞrm that the distribution of the data sets did not deviate signiÞcantly from that of a normal distribution. The PROC MIXED procedure with pairwise contrasts in PC-SAS 9.0 was used to examine difference in ßight activity among the three treatment combinations (Entomag, Entostat, and untreated control), and because of marked difference in ßight activity by males and females, the treatment effects were analyzed separately for the two sexes. We conducted separate statistical analyses for each of the twelve 5-min intervals. A repeated measures approach with all twelve 5-min intervals combined could have been used but that would dramatically increase the degrees of freedom, so the chosen approach was considered to be more conservative and provide a more robust evaluation of the effect of adhesive powders on C. capitata ßight activity.
Before analysis of the data from experiment 3, arcsine and square root of arcsine transformations of proportional mating data were examined, but these transformations did not enable us to consider the data normally distributed. Thus, a nonparametric approach was taken in which the Wilcoxon option in PROC UNIVARIATE procedure in PC-SAS 9.0 was used. In experiment 3, if a signiÞcant difference was found among all three treatments (Entomag, Entostat, and untreated control) within one of the 26 10-min intervals, we used pairwise contrasts to determine which treatments showed a signiÞcant difference.
Scanning Electron Microscopy. Twenty male C. capitata were treated with either Entostat or Entomag by using the puffer technique described above. Five C. capitata of each treatment were immediately killed in Eppendorf tubes by freezing for 15 min. Five of the remaining C. capitata were isolated in rearing cages with food and water for 24 h before freezing in Eppendorf tubes. All 10 C. capitata were thawed at room temperature before opening the tubes to avoid any condensation. Individual C. capitata were glued onto aluminum stubs (Agar ScientiÞc Ltd., Stansted, United Kingdom) and viewed directly without further treatment using a FEI Quanta 200 scanning electron microscope (FEI Company, Cambridge, United Kingdom) in variable pressure mode (10 Kv and 0.4 Torr). C. capitata were examined for the presence of powder, and sample images were taken of the head, left foreleg, and undersides of the abdomen and thorax at 800, 200, and 160ϫ magniÞcation.
Results
Experiment 1: Dyed Powder Uptake. C. capitata took up signiÞcantly more Entostat than Entomag (F 1, 12 ϭ 61.59; P Ͻ 0.001), and powder uptake by males was signiÞcant higher than that of females (F 1, 12 ϭ 10.07; P ϭ 0.008) (Fig. 1) , whereas there was no signiÞcant interaction between sex and dyed powder treatments (F 1, 12 ϭ 0.20; P ϭ 0.604).
Experiment 2: Effect of Powders on Flight Behavior.
For the entire observation period of 1 h, the mean number of ßights per 5-min interval made by untreated control females was 33.21 Ϯ 8.11, whereas that of males was 183.5 Ϯ 28.77, and the ßight activity of both males and females was fairly constant throughout the observation period (Fig. 2) . The ßight activity of male C. capitata treated with Entomag was signiÞ-cantly lower than that of untreated controls in two of the initial four 5-min time intervals, whereas Entomag seemed to have no signiÞcant effect on ßight behavior during the remaining 40 min (Table 1) . Entostattreated C. capitata males showed signiÞcantly lower ßight activity than untreated controls in 11 of the 12 5-min time intervals, being not signiÞcantly different only between 50 and 55 min after treatment. Comparing the two powder treatments, Entostat-treated males showed signiÞcantly lower ßight activity than those treated with Entomag in eight of the 12 5-min time intervals, those Ͼ20 min after treatment. Based on the fairly constant ßight activity of untreated controls and the gradual increase in ßight activity of C. capitata males treated with Entostat, it is suggested that Ϸ90 min would be required for Entostat-treated males to have similar ßight activity as that of untreated controls.
Pairwise comparisons revealed that Entomagtreated females made signiÞcantly fewer ßights than control females only between 0 and 15 and 45 and 55 min after coating, whereas the number of ßights made by Entostat-treated females and untreated control females were not signiÞcantly different for any of the twelve 5-min intervals (Table 1) . There was only signiÞcant difference in ßight activity between females Experiment 3: Effect of Powders on Mating Behavior. Little mating behavior was observed within the Þrst hour, and there was no signiÞcant difference between the proportions of C. capitata mating in each treatment until 120 min ( 2 1 Ͻ 3.85, P Ͼ 0.050) (Fig.  3) . After 120 min, the number of mating by untreated control C. capitata steadily increased throughout the observation period. The proportion of control C. capitata mating was signiÞcantly greater than for Entostattreated C. capitata between 120 and 190 min ( Scanning Electron Microscopy. Immediately after treatment with Entostat, the powder particles formed a fairly uniform layer over all C. capitata body surfaces, including compound eyes (Fig. 4, a. i.), sensilla (Fig. 4 , b.i. and d.i.), and genitalia (Fig. 4, c.i.) . After 24 h, most of the powder had been removed from all body parts, but some particles were still adhering to areas of the head, legs, thorax, and abdomen (Fig. 4, ii) . Entomag powder formed a less uniform layer on the cuticle than Entostat, adhering in clumps rather than as a layer (Fig. 5, i) and again, adhering to compound eyes (Fig.  5, a.i.) , genitalia (Fig. 5, b .i.), and sensilla (Fig. 5, d.i.) . Like Entostat, some Entomag particles still adhered to the head, legs, abdomen, and thorax 24 h after treatment (Fig. 5, ii. ). Particles from both powders were seen in body cavities such as sensillar pits (Figs. 4, b. ii. and 5, b.i.) and intersegmental membranes.
Discussion
The experiments in this study demonstrated that C. capitata males took up signiÞcantly more dyed powder compared with females, and the uptake of Entostat was signiÞcantly greater than that of Entomag. The powder uptake data were consistent with observations of ßight activity, because Entostat treatments had a more profound and persistent effect than that of Entomag. Although C. capitata were only observed for 1 h, the gradual approximation of ßight activity by treated C. capitata to that of untreated C. capitata suggested that Entostat-treated males would perform close-to-normal ßight behavior Ϸ90 min after treatment. Entomag treatments seemed only to reduce the ßight activity of males for Ϸ20 min. Females showed considerably lower ßight activity than males, and they took up much less powder than males, so it was not surprising that powder treatments had only short and limited effect on their ßight activity. The results from the mating experiment showed that male C. capitata treated with either electrostatic or metallic powder were able to mate, but onset of mating was delayed Ϸ1 h compared with control C. capitata, probably until a threshold amount of powder had been groomed off. There was no signiÞcant difference in mating behavior 200 min after treatment. SEM images revealed that both powders adhered to a variety of body parts and that although most is groomed off, some Entostat and Entomag particles are retained in excess of 24 h after treatment.
It seems reasonable to assume that the amount of powder applied to C. capitata in each experiment was in excess of what C. capitata would be able to take up from a Þeld placed powder dispenser and therefore represents "a worst case scenario" in terms of any effects on C. capitata behavior. It might therefore be expected that powder uptake from a dispenser under Þeld conditions would only inhibit ßight activity for a short period until enough powder has been groomed from antennae and other body parts and/or the C. capitata has become desensitized to the powder.
Transfer of powder to conspeciÞcs is only possible if C. capitata treated with powder participate in normal social behavior such as mating and courtship. The delay in mating caused by the powder treatment probably indicates that the physical effect of the powder inhibited mating behavior because freshly treated males did not respond to or attempt to court females, even when harassed, until extensive grooming had taken place (C.G.A., personal observation). It is important that females accept treated males, because females exert more control than males over copulation (Whittier et al. 1992 , Field and Yuval 1999). Fewer than 10% of C. capitata courtships result in successful mating and in many cases courtship results in females head-butting the males away or unsuccessful mountings (Whittier et al. 1994 , Briceñ o et al. 1996 , a potential source of powder transfer that has been demonstrated by Barton et al. (2006) . During mating itself, it is mainly the ventral side of males that is in contact with females; this is also the side at which powder uptake from a dispenser predominantly occurs (C.G.A., personal observation). Also, evidence from the SEM images showed that male C. capitata retained powder on their underside and genitalia. Secondary transfer of powder to females during mating therefore seems to be a likely event and was demonstrated by Barton et al. (2006) .
For secondary transfer of active ingredients to conspeciÞcs to occur it is important that treated target insects resume normal behavior as quickly as possible, otherwise active ingredients formulated with the powder may start to take effect before any social interactions could take place. We have demonstrated that a high level of powder contamination only temporarily affects the behavior of C. capitata. It was also clear from examining SEM images of treated C. capitata that both powders adhere to the cuticle in excess of 24 h; thus, when it is formulated with active ingredients, the powder may enhance its contact with C. capitata over extended times. It can be seen from the SEM images that some particles were invading sensillar pits; therefore, when used as a delivery system for pesticides these powders may enhance penetration of the active ingredients into the insect body via cavities and membranes. The next step in developing a lure-and-kill system based on adhesive powder for C. capitata is to screen active ingredients for inclusion is this system, examine their effects on C. capitata behavior when formulated with adhesive powder and assess the potential for secondary knockdown via insect-insect transmission. In addition, it is possible that an insecticide formulated with an adhesive powder is more likely to be ingested when target insect pests are grooming themselves, and this hypothesis is part of an ongoing research effort. Further work is planned to examine the effect of these adhesive powders on the behavior of other important insect pests, such as cockroaches and stored-product moths.
